Methods

Membrane modeling of trimeric Glt ph
The simulation system was constructed by embedding a trimeric form of Glt ph , adopted from the crystal structure of the outward-facing Glt ph (PDB code 2NWX (1)) into a lipid bilayer, as described in detail below. Detergent molecules were removed. The coordinates of the missing residues (residues 119 to 127 in one monomer and residues 123 to 127 in the other two monomers) were adopted from the crystal structure of the TBOA-bound state of Glt ph (PDB code 2NWW (1)). The coordinates of the other missing side chains and hydrogen atoms were added by the Psfgen plugin in VMD (2) employing the CHARMM27 topology files. Water molecules were added to the internal cavities of the protein using DOWSER (3) , and the protein was solvated using the SOLVATE program (4). Glt ph trimer was then aligned along the membrane normal using the OPM (Orientations of Proteins in Membranes) database (5) , and water molecules in the potential lipid-protein interface were deleted. Solvated Glt ph trimer was then inserted into a patch of POPE (1-palmitoyl-2-oleoylsn-glycero-3-phosphatidylethanolamine) with the membrane normal along the z-axis. The lipid molecules overlapping with the protein were deleted, resulting in a simulation system with 437 lipids. Additional solvent was added to both sides of the membrane, and the system was neutralized with 100 mM NaCl using the Solvate and Autoionize plugins of VMD (2) . The size of the final simulation system is 143×141×107Å 3 with ∼225,000 atoms.
Simulation protocol
All simulations were performed under periodic boundary conditions with a time step of 1 fs using NAMD 2.6 (6). The TIP3P model for explicit water (7) and the CHARMM27 force field (8) including the CMAP corrections (9) were used. First, lipid tails were melted in a 500-ps NVT (constant volume and temperature) simulation at 303 K during which all other atoms were fixed. The system was then equilibrated in an NPT (constant pressure and temperature) simulation at 1 atm and 303 K for 2 ns during which the heavy atoms of the protein were constrained by harmonic potentials (k = 2 kcal/mol/Å 2 ) to allow the lipid molecules and water to pack around the protein. Next, all the constraints were removed, and the NPT equilibration was continued for additional 2 ns. Finally, the production runs (listed in Table 1 ) were performed with constant area of the lipid bilayer (the NP n AT ensemble) with a constant normal pressure (P n ) of 1 atm. Constant temperature was maintained by employing Langevin dynamics with a damping coefficient of 0.5 ps −1 . The Langevin piston method (10, 11) was employed to maintain a constant pressure with a piston period of 100 fs. Non-bonded interactions were calculated using a cutoff distance of 12Å and long-range electrostatic interactions were calculated using the particle mesh Ewald (PME) method (12) .
Simulation systems
A summary of the various bound states of Glt ph investigated in this study is given in Table  1 . Note that the majority of the simulation systems used to study the binding sequence do not include a Na + ion in the Na2 binding site, since our previous study (13) showed that this binding site is the most exposed site and the last one to bind an ion during the extracellular half of the transport cycle. As each monomer functions independently (1, 14, 15) , we have taken advantage of the trimeric configuration of the simulation systems, and in some of them modeled individual monomers in different bound states. We emphasize here that all simulations have been performed using trimeric Glt ph . For clarity we refer to the protein-only system, i.e., Glt ph without the substrate and the Na + ions, as the apo state. Various bound states (apo, Na1-bound, substrate-bound and substrate/Na1-bound) were constructed to study equilibrium dynamics of Glt ph and to investigate the solvent accessibility of key residues, in particular that of Asp312 and Asp405, in the presence and absence of the substrate and the Na + ions in the Na1 and Na2 sites (Systems S1-S4 in Table 1 ). Some of the analyses are based on the notion that a Na + binding site has to be accessible by water from outside before it can be reached by a Na + ion. Each state has been simulated at least three times, e.g., Systems S1-a, S1-b, and S1-c for the apo state. Note that the initial protein structure in all the simulations was the occluded state, i.e., the reported crystal structure of the outward-facing state of Glt ph (1), unless specified otherwise.
In order to further probe the putative Na3 site, additional simulations were performed. We removed the Na + ion at the Na1 site from the equilibrated structure of the Na1-bound state (at t = 50 ns), and substituted a Na + ion for a water molecule randomly selected from the vicinity (3.5Å) of Asp312, which has been suggested to be involved in Na + binding in GlTs (16) . In total, five water molecules can be found within this radius, and, thus, five independent simulation systems (Na3-a to Na3-e in Table 1 ) were constructed. The inserted Na + ion was initially constrained harmonically (k = 2 kcal/mol/Å 2 ) for 0.5 ns, and then released during the following 20 ns of free simulation. In order to improve the statistics, this procedure was repeated, but this time using the equilibrated structure of the Na1-bound state at t = 40 ns as the starting point, thus, resulting in five additional independent simulations (Na3-f to Na3-j in Table 1 ). In order to inspect the stability of the putative Na3 site upon simultaneous binding of ions to both the Na1 and Na3 sites, two additional simulations were performed in which a Na + ion was added to the Na1 binding site in one of the Na3-bound states obtained from the Na3 simulations (Na3-a -Na3-j) described above. In one of these simulations, the stability of the putative Na3 site was examined, whereas in the second simulation the stability of the intermediate site identified in some of the Na3 simulations (see Results for details) was investigated. Each system was simulated for 20 ns. Furthermore, in order to examine the effect of the D405N mutation on the structure of the Na + binding sites and the coordination of the ions, a 30-ns simulation of this mutant in the Na1-bound state was performed. Finally, in order to examine whether a "fully bound" structure, i.e., the one with the substrate and the three Na + ions, is stable, starting from the crystal structure of Glt ph (1) , that is, the substrate/Na1/Na2-bound state, we added a Na + ion to the putative Na3 site identified in our earlier simulations, and simulated the system for 20 ns (Table 1 ). in the other two monomers (B and C), which are not reported in the main text. Consistently, in the apo and Na1-bound states in these two monomers, Cα-Asn310 and TM7 307−312 exhibit large flexibility, however, they display large stability both in the substrate-bound and substrate/Na1-bound states. Figure S9 : (a) The location of the placed Na + in the third Na + binding site proposed by Holley et al after equilibration simulation, in which one Na + was placed into this proposed site in the aspartate/Na1/Na2-bound state of outward-facing Glt ph . This placed Na + is coordinated by the two carboxylate groups of the substrate, and residues Met311 and Thr314 as well as one water molecule, finally. The original location of the substrate aspartate in the crystal structure shown in white. The location of aspartate after equilibration simulation shown in color. (b) The displacement of Cα-substrate from its original position along the simulation time.
